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Abstract 
Spherical and elastic AWP-CaALG microcapsules (~700 m in diameter) were obtained and fine crystals of AWP 
were uniformly immobilized in alginate matrices. The uptake of Cs+, Rb+ and Ag+ in 2 M HNO3 for AWP-CaALG 
was examined by batch method. The uptake of Cs+ was fairly fast in the initial stage and the uptake equilibrium 
attained within 5 h. The decreasing order of Kd was Cs+ > Rb+ > Ag+ , and the separation factors of Cs/Rb and Cs/Ag 
were estimated to be over 10, suggesting the selective separation of Cs+. The Kd,Cs value was almost constant over 103 
cm3/g in the wide concentration range of HNO3 up to 5 M.  The uptake (%) of Cs+ in simulated HLLW (SHLLW, 28  
components solution, SW-11E, JAEA) was estimated to be 97%, and the distribution of Cs+ into AWP phase and 
Zr/Ru to alginate phase were observed by EDS analysis. The stepwise chromatographic separation of Cs+ in SHLLW 
was examined under different eluting conditions using the columns packed with AWP-CaALG xerogels. The 
stepwise elution conditions were as follows; (1) H2O 1 M HNO3 5 M HNO3 3 M NH4NO3 5 M NH4NO3 
(25°C), (2) H2O 3 M NH4NO3 (25°C), (3) H2O 1 M NH4NO3 5 M NH4NO3 (25°C), (4) H2O 1 M NH4NO3  
5 M NH4NO3 (40°C), (5) H2O 1 M NH4NO3 5 M NH4Cl (25°C). Most effective separation of Cs+ was 
accomplished under the condition of (3); most of the Rb+ and Ag+ ions over 90% were eluted by 1 M NH4NO3, and 
Cs+ ions eluted by 5 M NH4NO3. The recovery ratio was estimated to be 73.4%. The AWP-CaALG xerogel column 
is thus effective for the selective separation and recovery of Cs+ from SHLLW. 
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1. Introduction 
 
Special attention has been given to the selective separation and recovery of heat-generating nuclide  
 (137Cs) from high-level liquid wastes (HLLWs). These are very important issues in relation to the volume  
reduction of radioactive wastes, partitioning of radioactive nuclides and their effective utilization[1]. For 
this purpose, fine crystals of selective inorganic ion-exchangers have been developed; insoluble 
ferrocyanides, heteropolyacids, etc. However, these materials can not be used for the practical operation 
such as continuous column separation. To overcome this problem, we have developed novel 
microencapsulation method for the granulation of these fine exchangers by using alginate (ALG), a kind 
of biopolymer, having high immobilization ability[2]-[5]. These microcapsules are intended for the use in 
the Cs separation process developing by Tohoku University and JAEA. Figure 1 shows the advanced 
nuclide separation system including Cs chromatographic separation process.  
In this study, fine crystalline ammonium tungstophosphate (AWP) exchanger having high selectivity 
toward Cs+ was encapsulated in biopolymer matrices (calcium alginate, CaALG). The present study deals 
with the selective uptake properties of Cs for AWP-CaALG xerogels, their characterization analyses by 
SEM/EDS, and the chromatographic separation of Cs in simulated high-level liquid wastes. 
 
 
 
 
Fig. 1.  Nuclide separation system including the Cs separation process using AWP-CaALG column 
 
2. Experimental 
 
2.1. Materials 
 
An AWP exchanger consisting of Keggin-type polyanions (PW12O403-)[5] and exchangeable NH4+ ions 
is used as an active component, and its unit cell composition was (NH4)3PO4· 12WO3·3H2O (Wako Pure 
Chemical Ind.). The sodium alginate (NaALG, 500-600 cP) was purchased from Wako Pure Chemical 
Ind. The Cs+ and Rb+ solutions were obtained by diluting standard solutions (103 ppm, Wako Pure 
Chemical Ind.).  
 
2.2. Preparation of MCs 
 
The microcapsules enclosing AWP were prepared as follows. Fine AWP powders (0.5 g) were 
kneaded with NaALG solution (50 cm3, 1.5 wt%) and fully dispersed using a kneader also equipped with 
rotation and revolution functions. The well-kneaded sol was then injected dropwise into a 0.5 M 
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Ca(NO3)2 solution via a medical needle under constant stirring at room temperature to form Xerogel 
microcapsules (MCs). These were then stirred gently for one night to enhance aging, before being 
separated from the solution, washed with distilled water and finally air-dried at 30°C for 2 d. The MCs 
prepared by the gelation of kneaded sols of AWP/NaALG with Ca(NO3)2 solution were abbreviated as 
AWP-CaALG MCs. 
 
2.3. Characterization 
 
The surface morphologies of AWP-CaALG were examined by scanning electron microscopy (SEM, 
Hitachi, TM-1000) and digital microscope. The adsorbed metal ions on AWP-CaALG and the precipitates 
were analyzed by energy dispersive spectroscopic (EDS) spectra. The concentrations of Cs+ and other 
metal ions in the solution were measured by atomic absorption spectrophotometry (AAS, Thermo Fisher 
Scientific K.K., AA-890) and inductively coupled plasma atomic absorption spectrometry (ICP-AES, 
SII, SPS7800). 
 
2.4. Determination of distribution coefficient (Kd) 
 
The distribution of Cs+, Rb+ and Ag+ ions for AWP-CaALG MCs was estimated by the batch method. 
An aqueous solution (5 cm3) containing 10 ppm Cs+, Rb+ and Ag+ ions was placed into contact with 50 
mg of MCs at 25±1°C up to 1 d, which was found to be sufficient for attaining equilibrium. The 
concentrations of Cs+, Rb+ and Ag+ ions were measured by AAS. The uptake percentage (R, %) of metal 
ions removed from the solution and the distribution coefficient (Kd, cm3/g) are defined as :  
0 f 0( ) / 100R = C C C , (%)                (1) 
d 0 f f(( ) / ) /K = C C C V m , (cm3/g)  (2) 
where C0, Ct and Cf (ppm) are the concentrations of metal ions at initial, time t, and equilibrium, 
respectively; m (g) the weight of MCs; and V (cm3) the volume of the aqueous phase.  
 
2.5. Chromatographic separation 
 
The AWP-CaALG sample (0.7 g) was densely packed into a glass column (5 mm 200~300 mm 
long) with a jacket thermostated at 25 ± 1°C. Figure 2 shows the apparatus for the column experiments. 
In advance, a prescribed amount of simulated high-level liquid waste ( abbreviated as SHLLW, 28 
components solution, SW-11E, JAEA, Table 1) was added on the top of the column for 1 night and then 
the stepwise elution was carried out under the different elution conditions such as,  
 
(1) H2O 1 M HNO3 5 M HNO3 3 M NH4NO3 5 M NH4NO3 (25°C),  
(2) H2O 3 M NH4NO3 (25°C),  
(3) H2O 1 M NH4NO3 5 M NH4NO3 (25°C),  
(4) H2O 1 M NH4NO3 5 M NH4NO3 (40°C),  
(5) H2O 1 M NH4NO3 5 M NH4Cl (25°C). 
 
The flow rate was maintained at 0.25 cm3/min, and the concentration of each metal ion in the eluted 
fractions was measured by AAS (Cs+, Rb+, Na+ and Sr2+)  and ICP-AES (other metal ions).  The elution 
chromatograms were obtained by plotting the elution(%)[% ratio of the amount of metal ion in the eluted 
fraction relative to the initial amount of metal ion loaded on the column] against the eluent volume (cm3).  
 
3. Results and Discussion 
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3.1. Surface morphology of MCs 
 
Figure 3 shows SEM image of the surface of AWP-CaALG. The structure of CaALG gel matrices is  
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.  Apparatus for the column experiments 
 
 
Table 1. Chemical composition of simulated high-level liquid waste (SHLLW, 28 components solution, JAEA SW-11E) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.  SEM image of the AWP-CaALG microcapsule 
 
 
 
composed of crosslinked polymer networks with ionic bonding of Ca2+ and carboxyl groups. Obvious 
spherical and elastic granules were obtained. On the surface of AWP-CaALG, a number of fine AWP 
crystals (~ 1 μm in diameter) are seen to be encapsulated. Some creases were observed on the surface of 
AWP-CaALG. The practical sizes of MCs were estimated to be about 0.7 mm in diameter by digital 
332   Takuya Kawamura et al. /  Energy Procedia  39 ( 2013 )  328 – 336 
1
10
100
1000
10000
100000
0 5 10 15 20 25
Time (Hr)
AWP : 0.05 g ; Temp : 25 
[HNO3] = 2 M ; [Cs concentration] = 10 ppm
K
d 
(c
m
3 /g
)
Cs
Rb
Ag
1
10
100
1000
10000
100000
0 1 2 3 4 5
HNO3concentration (M)
AWP : 0.05 g ; Temp : 25  Time : 5 hr
[Cs concentration] = 10 ppm
K
d 
(c
m
3 /g
)
Cs
Rb
Ag
microscope and SEM image. The AWP content in MCs was estimated to be 14 wt%. 
 
3.2. Uptake rate of Cs, Rb and Ag ions 
 
Figure 4 shows the effect of shaking on the Kd values of Cs+, Rb+ and Ag+ ions for AWP-CaALG 
microcapsules in the presence of 2 M HNO3 at V/m (solution volume-solid weight ratio) of 100 cm3/g. 
The equilibration of Cs+, Rb+ and Ag+ uptake was attained within 5 h, and relatively large Kd value above 
104 cm3/g was obtained. The order of Kd value  of each metal ion was Cs >> Rb > Ag.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.  Effect of shaking time on Kd values of Cs, Rb and Ag ions 
 
3.3. Effect of HNO3 concentration of Cs, Rb and Ag ions 
 
In order to estimate the affinity of Cs+, Rb+ and Ag+ ions,  the effect of the coexisting concentration of 
HNO3 on the Kd values of these ions was examined by batch method (Fig. 5). Relatively large Kd values 
of Cs+ for AWP-CaALG exceeding 103 cm3/g were obtained in a wide range of HNO3 concentration up to 
5 M. The order of Kd value of each metal ion was Cs+ >> Rb+ > Ag+ in a wide range of coexisting HNO3 
concentration up to 5 M, and the separation factor of Kd,Cs/Kd,Rb and Kd,Cs/Kd,Ag was over 10, suggesting 
the chromatographic separation of Cs+ ions from other monovalent cations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.  Effect of HNO3 concentration on Kd of Cs, Rb and Ag ions on AWP-CaALG MCs 
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3.4. Chromatographic separation of Cs ions in SHLLW 
 
 (1) Sepwise elution : H2O 1 M HNO3 5 M HNO3 3 M NH4NO3 5 M NH4NO3 (25°C)  
 
Stepwise elution was carried out at different concentrations of HNO3 and NH4NO3 eluents (Fig. 6). 
By flowing H2O, almost all metal ions were eluted without adsorption on the column. By flowing 1 M 
HNO3, Pd and Ba were eluted, and the elution peaks of Rb and Cs (elution (%)= 38.8) were overlapped 
by flowing 5 M HNO3, indicating the difficulty of mutual separation. By flowing 3 M and 5 M NH4NO3, 
the elution (%) of Cs+ ions was 21.6 and 12.2 %, respectively. The increase of amount of AWP-CaALG 
MCs and column length is necessary for the enhancement of the column efficiency. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.  Chromatographic separation of Cs in SHLLW using stepwise elution (1) 
 
(2) Stepwise elution: H2O 3 M NH4NO3 (25°C)  
 
In this stepwise elution, the amount of MCs and column length were increased (Fig. 7). By flowing 
H2O, almost all metal ions were eluted without adsorption on the column. By flowing 3 M NH4NO3, the 
Rb and Ag ions were readily eluted, and the elution peaks of Rb and Cs (elution (%)= 67.6) were 
overlapped, indicating the difficulty of mutual separation. The elution (%) of Cs was markedly enhanced, 
however, the tailing of the elution chromatogram was observed.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.  Chromatographic separation of Cs in SHLLW using stepwise elution (2) 
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(3) Stepwise elution: H2O 1 M NH4NO3 5 M NH4NO3 (25°C) 
 
By flowing H2O, almost all metal ions were eluted without adsorption on the column (Fig. 8). In this 
elution, different concentrations of NH4NO3 were used. The elution (%) at 1 M and 5 M NH4NO3 was 4.0 
and 69.4, and the mutual separation of Cs and Rb was effectively accomplished. The total elution (%) 
corresponding the recovery (%) of Cs, Rb and Ag was 73.4, 89.6 and 99.8, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8.  Chromatographic separation of Cs in SHLLW using stepwise elution (3) 
 
 (4) Stepwise elution: H2O 1 M NH4NO3 5 M NH4NO3 (40°C) 
  
   The stepwise elution was carried out at higher column temperature (Fig. 9). As for Cs elution, the 
elution (%) by flowing 1 M and 5 M NH4NO3 was 47.5 and 21.0, respectively. Even at 1 M NH4NO3, 
relatively large elution (%) was obtained. The total elution (%) of Cs, Rb and Ag was 68.5, 59.2 and 89.8, 
indicating that the total elution (%) was lowered compared to the case at 25°C. The increase of column 
temperature is not effective for the enhancement of column efficiency. 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9.  Chromatographic separation of Cs in SHLLW using stepwise elution (4) 
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 (5) Stepwise elution: H2O 1 M NH4NO3 5 M NH4Cl (25°C) 
 
In order to get the Cs salt for the reuse, the eluted fraction of Cs should be heated and concentrated. 
Considering the thermal decomposition and safety operation, the eluent of NH4Cl was used instead of 
nitrate salt solution (Fig. 10). The elution (%) by flowing 1 M NH4NO3 and 5 M NH4Cl was 4.0 and 64.1, 
respectively. The total elution (%) of Cs, Rb and Ag was 68.1, 95.9 and 100, respectively, similarly to the 
case of stepwise elution (3).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10.  Chromatographic separation of Cs in SHLLW using stepwise elution (1) 
 
4. Conclusions 
 
The distribution behaviour of Cs, Rb and Ag for AMP-CaALG microcapsules was studied by batch 
methods. The uptake rate of these metal cations was large and the uptake equilibrium was attained within 
5 h. In a wide range of HNO3 concentration up to 5 M, relatively large Kd values of Cs+ exceeding 103 
cm3/g were obtained. The order of Kd value of each metal ion was Cs+ >> Rb+ > Ag+ , and the separation 
factor of Kd,Cs/Kd,Rb and Kd,Cs/Kd,Ag was over 10, suggesting the chromatographic separation of Cs+ ions 
from other monovalent cations. 
The stepwise chromatographic separation of Cs+ in SHLLW was examined under different eluting 
conditions using the packed columns; the stepwise elution was performed using five kinds of elution 
conditions. By using the stepwise elution (H2O 1 M NH4NO3 5 M NH4NO3 (25°C)), most effective 
separation of Cs+ was accomplished; most of the Rb+ and Ag+ ions over 90% were eluted by 1 M 
NH4NO3, and then Cs+ ions eluted by 5 M NH4NO3. Here the recovery ratio was estimated to be 73.4%. 
The AWP-CaALG xerogel column is thus effective for the selective separation and recovery of Cs+ from 
SHLLW. 
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